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ABSTRACT 



Aims. We investigate the origin of the high energy tail detected by Fermi/LAT in the short GRB 081024B through synchrotron and 
self-Compton emission in either the internal or external shock models. 

Methods. In the internal shock scenario, we explore the possibility of generating the high energy photons directly through synchrotron 
process, or through inverse Compton emission in which target photons are synchrotron photons produced in internal shocks taking 
place either in the short prompt phase, or in a lately emitted shell (delayed internal shocks). In the external shock scenario, we consider 
the possibility of the high energy tail being the extension of the afterglow synchrotron emission, or alternatively the inverse Compton 
component associated to the afterglow synchrotron photons. 

Results. For the internal shock scenario we conclude that, given the constraints set by the observations on the prompt emission 
spectrum, only an inverse Compton component from delayed internal shocks can accommodate the presence of a high energy tail 
extended up to the GeV range. In the external shock scenario, we show that interpreting the high energy tail as synchrotron-only 
afterglow emission, implies a bright late-time afterglow which was not observed by Swift. On the other hand, the observed high 
energy tail is consistent with an inverse Compton component of the afterglow, powered by a fireball with isotropic energy of the order 
of 10^' ergs, expanding in a uniform medium with density n ~ 5 particles/cm^. 

Key words. Gamma rays: bursts - X-rays: Individuals (GRB 081024B) ~ X-rays: bursts - radiation mechanisms: non-thermal 



1. Introduction 

Recent detection by the Fermi satellite of substantial high en- 
ergy emission from sho rt Gamma-Ray Bursts (GRBs, i Pmodeil 
l2008HOhno etani2009h . calls for a reconsideration of this type 
of bursts as high energy sources. Such results are in fact sur- 
prising in the light of the expectations from before the launch of 
Fermi, when high energy emission was more likely expected in 
coincidence with long GRBs (see e.g. lAbdo et alj200 9). because 
of the higher equivalent isotropic ene rgy and interstellar medium 
(ISM) number density (Na kaij|2b07h . However, Fermi observa- 
tions of GRB 081024B point to the existence of a longer-lasting 
(~ 5 s) tail with few photons in the GeV range following the 
main event (I Omodeill2008i) . Motivated by this recent result, we 
analyze here the conditions under which Fermi observations can 
be accommodated within the most popular theoretical models. 

In th e internal-external shock scenario of the fireball model 
(see e.g. lMeszaros"& Reeslll993t[s'ari et al.ll 19981) . GRB prompt 
and afterglow emissions are thought to be produced by particles 
accelerated via shocks into an ultra-relativistic outflow (fireball) 
released during the burst explosion. While the prompt emission 
is related to shocks developing into the ejecta (internal shocks, 
IS), the afterglow arises from the forward external shock (ES) 
propagating into the ISM. 

Synchrotron emission by the accelerated electrons is typi- 
cally invoked as the main radiation mechanism. However, in- 
verse Compton emission (IC) can also play an important role. 
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Some synchrotron photons can in fact Compton scatter on the 
shock-accelerated electrons, producing an additional IC com- 
ponent at higher energies. This mechanism is also called syn- 
chrotron self-Compton (SSC) as the electrons responsible of the 
synchrotron emission are also responsible of the IC radiation. 
The ratio of IC-to-synchrotron luminosities is proportional to 
the square root of the ratio of the electron (e^ ) and magnetic (eg) 
energy densities behind the shock front. When this ratio is sig- 
nificantly above unity, the electron cooling rate via IC emission 
cannot be neglected. 

IC emission from IS has been considered in vario us con- 
texts ( e.g. IPapathanassiou & Meszaros 1996; Pilla & Loebl 
1998; Ghisellini et al. 2000; Panaitescu & Meszaros 20001; 
Dai & Lu 2002; Guetta & Granot 2003; Baring_^ B raby 20o|; 
Pe'er & Waxman 200 4 lAsano & Inoud 120071: [Fan & Pira3 
20081: iGalh & Guettai i2008t iLiI 120081: jYu & Dai' 2009). Here 
we focus on the formulation given by [Guetta & Granot (20031) 
where high-energy emission from internal shocks during the 
prompt GRB is computed, for both the synchrotron and IC com- 
ponents, as a function of two free parameters: the Lorentz factor 
F and the variability time f,, of the central engine that emits the 
outflow. IC emission from the ES (see e.g. Sari & Esin 200ll 
iZhang & Meszarosll200U and references therein) has been in- 
voked to explain GRB X-ray afterglows showing properties 
difficult to reconcil e with the simp l est synchrotron-only after- 
glow scenario (e.g. 'Wei & Lu"l 998', "200^, 'Harrison et al."2001|; 
Corsi etal. 2005; Corsi & Piro 2006; Chandra etal. 2008), or 
in the context of higher energy emission from GRBs, in 
view of EGRET and Fermi/LAT capabilities and results (see 
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e ^Pe'e£& WaxmaDl200llWang et ai]j2006l:lGou & MeszarosI 
2007^, 'Gain & Piro' '200?'; 'You et al.' '2007; 'Fan et al.' '2008^ 
fan & Piran 2008; Galli & Piro 2008; Wang et al. 2009; Fan 
20091) . 

The detection of GRB high energy (MeV to GeV) emission 
by AGILE and Fermi/LAT can be particularly relevant to probe 
the mechanisms active during the prompt-to-afterglow transi- 
tion phase, when IC emission from both the IS and ES may be 
invoked, and observations are needed to discriminate between 
different models. In this context, we consider the case of the 
short GRB 081024B, for which a high energy emissi on tail was 
detected by the Fermi/LAT after the prompt phase. IZou et all 
(12008 ) recently concluded that both the IS and ES scenarios 
could give rise to an emission peaking at GeV energies, in agree- 
ment with the observations for this bu rst. In th is paper, we ex- 
pand with more details the analysis by IZou ef al. (2008). In the 
IS scenario, we consider the possibility that the ~ GeV emission 
from GRB 081024B is due to (i) IC scatter of synchrotron pho- 
tons emitted in the IS generating the GRB prompt emission, (ii) 
to the simple extension of the synchrotron spectrum in the GeV 
range, or (iii) to the up-scattering of soft X-ray photons emit- 
ted by late IS. The observations are used to derive constraints on 
the IS model parameters. For what concerns the ES scenario, we 
consider both the possibilities of explaining the high energy tail 
as simple extension to high energies of the afterglow synchrotron 
emission, or as the SSC component associated to the afterglow 
synchrotron photons. Constrains on the model are derived by 
taking int o account n ot only the IC peak energy, which was con- 
sidered bv lZou et al.l ([2008), but also its luminosity, thus provid- 
ing a quantitative estimate of its compatibility with the observa- 
tions. Both the late IS and ES scenarios, can naturally account 
for a delay between the GRB trigger time and the longer-lasting 
high energy tail. Such property of these models is remarkable 
given the fact that a delay was indeed observed in some other 
cases (see e.g. lAbdo et al.ll2009l) . 



2. Observations 

At 21:22:40.86 UT on 24 October 2008, the Fermi Gamma-Ray 
Burst Monitor (GBM) triggered on GRB 081024B. This GRB 
had a duration of a bout 800 ms, and showed two main peaks 
dConnaughton et al]|200 8). The first peak lasted ~ 200 ms and 
its spectrum was in agreement with a cut-ofF power-law model, 
with a power-law index -0.70+0.13, and an exponential cutoff at 
Epeak - 1583 + 520 keV. The second peak lasted ~ 600 ms, and 
its spectrum was well fitted by a pow er-law model with index 
- 1 .28 ± 0.04 ("Connau ghton et alj|2008h . The burst fluence in the 
50-300 keV energy band was (3.4 + 0.1) x 10"^ ergs cm"^, with 
a peak flux measured over a 64 ms timescale of 4.2 + 0.2 pho- 
tons cm"^ s In the 15-150 keV range, the 64 ms peak flux was 
measured to be 7.4 + 0.4 photons cm"^ s ' dConnaughton et al] 
12008 ^). The Fermi LAT telescope detected an increased count rate 
at 21:22:41 UT, associated with GRB 081024B. The emission 
from the poi nt source was seen up to 3 GeV, in the first 5 s after 
the trigger ( Omodeill2008l) . 

GRB081024B triggered also flie Suzaku Wide-band All-sky 
Monitor ( WAM, 50 keV - 5 MeV) at To = 21 : 22 : 40.526 UT 
dHanabata et al. 2008). The light curve showed a double-peaked 
structure with a Jgo duration of ~ 0.4 s. The fluence in 100 - 1000 
keV range was (2.7;^j g) x 10"^ ergs cm"^. The peak flux within 
0.5 s was 1.1^0 5 photons cm"^ s"' in the same energy range. 
Preliminary results showed that at least 2 MeV photons were 
detected, and the time-averaged spectrum from To to Tq + 0.5 s 



was well fi tted by a single pow er-law, with a photon index of 
-1.24+;j;25 dHanabata et alJl2O08h . 

Swift XRT began observing the field of the Fermi-LAT 
around 70.3 ks after the trigger (Guidorzi et al. 2008a). Thanks 
to a series of follow-up observations (Guidorzi et aL,2008bwC) . it 
was possible to establish that none of the three sources candidate 
as the GRB X-ray counterpart were fading. 

3. Prompt high energy emission 

In this section we consider the synchrotron and SSC emission 
in the frame work of the IS model, f ollowing the prescriptions 
presented in Guetta & GranotI d2003l) . In such model the flow 
Lorentz factor F is assumed to vary on a typical time scale f,, 
and with an amplitude ^F ~ F. The shells collide at a radius 
R ^ ir^ct, = 6 X lO'^F^^f^^j cm, where Fz.s = F/IO^-^ and 
tv-2 = fi/(10"^ s). The internal energy released in each col- 
lision is distributed among electrons, magnetic field and pro- 
tons with fractions e^, eg and (1 - e^) respectively. The elec- 
trons are accelerated in the shocks to a power-law distribution 
of energy N{y) oc -y^P, and radiatively cool by the combination 
of synchrotron and SSC processes, the timescales of which are 
fjv„ ~ 6nmeclo-TBP-y and tssc - tsyn/Y, the combined cooling 

time being = (1/f.™ + l/fssc)"'=f™/(l + Y), where B is 
the magnetic field, and Y is the Compton y-parameter dSari et akl 
1996), Y ~ ee/es for « eg and Y ^ (e, /eg)'^^ for » 
eB- The synchrotron peak energy is given by dGuetta & GranotI 
,20031) : 



En = hv„, = 



0.12 /3/:'-6 



{l+z)\p-l 



(1) 

Here L52 is the sour ce peak luminosity in units of 10^^ ergs 
dGuetta & Granotl[2003h . which is estimated as follows: 

pcx> ^IMeV , y ,-1.2 

L^Andl Fydv^Andl ^0-^—77 vdv (2) 

Jo Jsokev VlkeV/ 

where we have considered that the burst spectrum had a cut- 
off energy Epeak ~ 1 MeV (Sec.|2]l; di is the luminosity distance 
to the source; Fq is measured in units of photons cm"^ s" ' ke V" ' . 
The last is estimated so as to have a peak flux in the 50 - 300 
keV energy range compatible with the observed one, i.e. (see 
also Sec.|2]l: 

-300keV , y ,_i.2 

Fo{ t/v:^ 4.2 photons cm^^s"' (3) 

;50kev VlkeV/ 

Note that the spectral index of - 1 .2 is chosen as the temporal 
weighted mean of the spectral indices observed during the burst 
by GBM/Fermi and by Suzaku/WANfl In such a way we get 
Ls2 ~ 6.4 X lO""*, for a burst located at z = 0.1. No afterglow 
emission was detected for GRB 081024B, so the burst redshift 
is unknown. Hereafter we assume z = 0.1 as a reference value 
for short GRBs. 

According to what seen in Sec.|2] the observations constrain 
the peak of the synchrotron component to be at ~ 1 MeV. From 
Eq. ^ it follows that for a given value of F, Ep is maximized 
by maximizing eg and p, and by minimizing z and f,,__2- As 
shown in Fig.[Tl for r2.5 - 1, even setting e^. ~ 0.5, eg ~ 0.1, p = 
2.5, z = 0.1 and f,,_2 = O.Ofl we get Ep ~ 66 keV « 1 MeV 



J 501 



' -1.2=:(-0.7 X 0.2 s-1.28 x 0.6 s-1.24 x 0.5 s)/(0.5 s+0.6 s+0.2 s) 
^ Such short variability timescales can be present l lNakadl2b07h . and 

was indeed found in at l east one short GRB , in which a very bright < 1 

ms pulse was observed dScargle et al.ll 19981) . 
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Fig. 1. Synchrotron (dot-dashed Hnes) and SSC (dashed hnes) 
prompt emission spectra for a burst at z = 0.1. The prompt emis- 
sion luminosity is L52 = 6.4 x 10"^ and we set f,, = 0.1 ms, 
ee - 0.5, ffi — 0.1, and p - 2.5. We display the predicted spec- 
tra for r2.5 = 1 (blue) and r2.5 = 0.3 (purple). The solid and 
dot-dot-dot-dashed lines represent AGILE and Fermi/LAT sen - 
sitivity for an integration time of 10 s (see iGalli & Piroll2007l) . 
The red solid vertical lines delimit the energy range (8 keV - 
30 MeV) covered by the Fermi/GBM (Nal and BGO) detectors 
(http://fermi.gsfc.nasa.gov/science/instruments/gbm.html). The 
red solid horizontal line marks the level of the 50-300 keV flu- 
ence measured by the GBM during the ~ 1 s duration of the 
prompt burst. The green solid vertical line marks the flux level 
at 1 GeV, assuming that a number of GeV photons in between 2 
and 6 are detected in 5 s. See the electronic version of this paper 
for colors. 



(dot-dashed blue line). Note that in this last figure we have indi- 
cated with Vmax - 9.5 (1 H- z)"'(l + ^Y^^i.'i GeV, the maximum 
frequency of the synchrotron spectrum (Guetta & Granot 2003). 
Maintaining unchanged the values of the other parameters, we 
need Fa.s = 0.3 to have Ep ~ 1 MeV. The next step requires 
checking if, for this last set of parameters, the source is optically 
thin for pair production at energies as high as ~ 1 GeM^. The 
cutoff energy for pair production reads dGuetta & Granot.i2003i) : 



-'pair 



2.6(l+z)-'(6,3eB)' 



(2-p)/2p 



J ~(p+2)l2pyA{p^ 
^52 ^ 2.5 



2 GeV 
(4) 

From the above formula it turns out that lowering the value 
of F so as to have Ep ~ 1 MeV, lowers Epair in such a way that 
there will be no substantial emission in the GeV range. We can 
show this clearly by expressing Epair as a function of the peak 
energy of the synchrotron spectrum Ep. This is done by using 
Eq. ([Til to derive F as a function of Ep, and then substituting into 
the above equation. In this way we get: 



We note that, for a given Ep and L52, Epair is maximized by 
maximizing e^, eg, and by minimizing z and f,, _2- Setting L52 = 
6.4 X 10-^ f,,-2 = 10"^ e, = 0.5, £b = 0.1, p = 2.5, z = 0.1 and 
Ep = 1 MeV, we have Epai,- ~ 4 MeV (see the purple dotted line 
in Fig. [TJ. In passing we note that the GeV emission of GRB 
081024B would have been roughly compatible either with the 
extrapolation of the synchrotron spectrum, or with the additional 
contribution of an IC co mponent (see Fig. [Hi. I n the latter case, 
the SSC peak energy is dGuetta & Granolll2003h : 



7SC 



4.6 X 10^ l3p-6 



(1+z) \p-l 



7/2 



,1/2, 

B 



l/2p-2 f-l 
'52 ^ 2.5'v-2 - 



(6) 

However, as demonstrated above, the source is optically 
thick for GeV photons, thus we conclude that the observations 
of this burst are difficult to reconcile with either a simple extrap- 
olation of synchrotron photons or first order IC scatter in the IS 
phase of the prompt emissioifl 



4. Late high energy emission 

4. 1 . Delayed emission from IS 

Another mechanism which may be responsible for the ~ GeV 
emission, is represented by the SSC component of an extended 
soft X-ray tail, produced by synchrotron emissio n from IS 
developing in some lately ejected shells (see also IZou et all 
2008). In this case, we estimate the typical X-ray luminos- 
ity of a short GRB by considering the 0.3 - 10 keV fluxe s 
at 100 s, Fo.3-ioA:fi/ 100 s, reported in Table 2 of iNakaj (l2007h . 
that range in between 6 x 10"'^ ergs cm"^ s~' and 1.2 x 
10"* ergs cm"^ s"', with a mean value of < ^0.3-10 keV, 100 s >- 
2 X 10"'' ergs cm"^ s"'. The overall early X-ray emission of 
short GRBs has been observed to be somewhat different from 
the complex early X-ray afterglows of long GRBs. Short GRBs 
with extended X-ray tails have the end of such emission charac- 
terized by a steep decay, with a power-law index a < -2, be- 
fore a typical late afterglow decay (a 1) is observed (.NakaJ 

l2007h . In other short bursts the regu lar X-ray de cay (a ~ -1) 
is observed starting at early times (lNakarll2007h . We thus ex- 
trapolate F().3-iokeV, 100 s to f ~ 2.5 s using a temporal index of 
a = -1.5, somewhat in between the steep decay and the typ- 
ical afterglow one. Note that since from the observations we 
know that the high energy tail of GRB 081024B lasted until 
~ 5 s after the GRB trigger, we are assuming here a reference 
time of 2.5 s (in the middle of the observed time interval). For 
z - 0.1, we get luminosities in between ~ 4 x lO"**" ergs s"' and 
~ 7 X 10^^ ergs s"', with a mean value of ~ lO'*^ ergs s"' . Setting 
L52 = 10-^ f,,,-2 = 0.15, e, = 0.45, ee = 0.1, p = 2.5, z = 0.1, 
F2.5 = 0.43, into Eqs. ([B, (©, (0, we get Ep ~ 10 keV, E'^/ ~ 1 
GeV, and Epair > 1 GeV, as shown in Fig. [2] As can be seen, in 
the late IS model the flux level of the high energy tail can be well 



2.6 



(1 + f)(ip+2)/p 



0.12 x(^f 



(£p/MeV)(l -1-7)1/3 



2(p+l)/p 



xe. 



-(3;> 



-l2)/2p (p+4)/(2p)^l/2^-(p+2)/p 
B 52 I', -2 



(5) 



Note that the suppression of emission due to the Klein-Nishima ef- 



fect is relevant above Ek 



|2003[) . which is much higher than Ep, 



lOO^J^ GeV dGuetta & Graiioi 



One may alternatively think that the high energy component ob- 
served in the LAT is generated by photons of the second prompt pulse, 
originating in a region spatially distinct from the first GBM pulse. The 
last, which lasted ~ 200 ms, had a spectrum in agreement with a cut-off 
power-law with Ep^ak = 1583 ± 520 keV, while the second pulse in the 
GRB light curve, that lasted 600 ms, had a spectrum consistent with a 
single power-law. The association of the LAT emission with the second 
pulse, together with the fact that during such pulse Ep^^i, was no longer 
constrained by the GBM spectrum, would suggest Epgak > 1 MeV dur- 
ing the second pulse, so that the suppression due to pair production 
would become even worse (see Eq. ([S}). 
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Fig. 2. Synchrotron (blue dot-dashed Hne) and SSC (blue dashed 
line) emission spectra from delayed IS for a burst with param- 
eters L52 = 10"^ U = 1.5 ms, ee = 0.45, = 0.1, p = 2.5, 
z = 0.1, r2.5 - 0.43. The blue solid line is the sum of the syn- 
chrotron and SSC contributions. The black solid and dot-dot- 
dot-dashed lines are the AGILE and Fermi /LAT sensitivity fo r 
an integration time of 10 s, respectively (see iGalh & Pirol2007|) . 
For this choice of parameters one has a synchrotron peak around 
10 keV and an SSC peak around ~ 1 GeV. The green solid verti- 
cal line marks the flux level at 1 GeV, assuming that a number of 
GeV photons in between 2 and 6 are collected by the Fermi/LAT 
in 5 s. See the electronic version of this paper for colors. 



above the LAT detection threshold. Thus, such model is a viable 
explanation for the LAT observations of this burst. 

4.2. High energy emission from the ES 

The high energy tail observed in GRB 081024B could also be 
produced in an extended X-ray tail associated, in this case, to 
synchrotron afterglow emission by the ES, or alternatively to 
an afterglow SSC component. In what follows, we explore both 
these possibilities. 

4.2.1. Synchrotron-only scenario 

Consider the case in which the high energy tail observed by the 
Fermi/LAT is the extension to high energies of the synchrotron 
component generating the afterglow. In this scenario, the after- 
glow synchrotron emission should match the 1 GeV flux level 
necessary to have few photons detected by the LAT, while in the 
50 - 300 keV energy range its flux should be below the value 
of ~ 3.4 X 10"^ ergs cm"^ observed in the ~ 1 s duration of 
the burst by the GBM (see Sec.|2]l. To this end, the vFy spec- 
trum should be sufficiently flat. I.e., assuming to have no spec- 
tral breaks between 50 keV and 1 GeV, and a spectral index of 
1 - p/2 (as typically expecte d for the high en ergy part of the 
synchrotron spectrum, see e.g. ' Sari et aOl998h . a 1 GeV flux of 
10"^ ergs cm"^ s ', and a flux at 175 keV (in the middle of the 
GBM band) constrained to be below ~ 3.4 x 10"^ ergs cm"^ s"', 
would imply p < 2.3. Such constrain on p results in a temporal 
decay of the X-ray ligh t curve flatter than -3/4(p - 1) - 1/4 ~ 
-1.22 (ISari et al.lll998b . In an exposure spanning from 70.3 ks 
to 1.3 X 10^ s after the burst, Swift/XKI observed the Fermi- 
LAT error circle, detecting three sources with average count 
rates below ~ 2 x 10 counts/s dGuidorzi et all l2008dl) . fliat 



we estimate to correspond to an average 0.3 - 10 keV flux of 
~ 8 X 10"'"* ergs cm"- s"'. These sources were excluded as X- 
ray counterparts of GRB 081024B, because they did not fade. 
We can thus use their flux level as an upper-limit for the after- 
glow flux of GRB 081024B at late times. In a synchrotron-only 
scenario with p = 2.3, the expected 5 keV flux (in the middle of 
the 0.3 - 10 keV XRT band) at 1 day after the burst would be 
of the order of (5 keV/10^ keV)'-^-^/^ ^ (86400 s/2.5 s)-' ^^ x 
10"^ ergs cm"^ s"' ~ 2 x 10"'^ ergs cm"^ s"' > 8 x 
10"'"* ergs cm"^ s"'. We thus conclude that, to explain the 
Fermi/LAT observations as synchrotron emission from the FS, 
one should have observed a bright late-time afterglow, contrary 
to SwiftpiKT observations. 

4.2.2. Synchrotron plus SSC scenario 

Synchrotron comp onent Following the prescriptions given by 
ISari & EsinI ( 1200 11) . we can write down the characteristic break 
frequencies and the peak flux of the synchrotron component as 
follows: 



5x10'^ Hz(l-Hz) 



1/2 f(P) I 



/(2.2) 

whtvtf{p)^({p-2)l{p-\))\ 



1 0.01/ 1 0.5/ 52 day > 



2.7 X 10'^ 
Vc - — -T^ Hz 



(l+z)l/2 



lo.oi/ 



-1 -1/2., 



/„, = 2.6 mJy (1 + z) (-^j'^" £52 n\'^dj:. 



2 

28 



(8) 



(9) 



Here the fireball parameters are defined as usual: p is the in- 
dex of the power-law electron energy distribution; is the ratio 
of the energy in electrons to the post-shock energy in nucleons; 
€3 is the ratio of the magnetic field energy density to the post- 
shock nucleon energy density; £52 is the initial blast wave en- 
ergy (in units of 10^^ ergs); rti is the ambient number density 
(in units of particles/cm^). As in the previous sections, Y — 

and in the fast cooling regime Y ~ (e.g. ISari & Esinl2001h . 

In such a regime the energy spectrum vFy peaks at v,„, and thus 
Y ~ {y'^f'^(y'^))/{y,nf(ym)), where 



= ym(vM-"^f,„ = 4.3 X 10 

,1/2 



-13 ergs 



having used Eqs. Q-®, and (1 + Y)-^ ~ Y'^ = e^/e,. If the 
peak of the synchrotron component in the vFy space is below 
1 keV, i.e. if v,„ < 1 keV, we can substitute U^'" on the left hand 
side of the above equation with the following expression: 

- ^ii:v(^^)(2-41 X 10'^ HzyHvUnz))-"^^-' (11) 
^""^ Vcm-^ s Hz/ 

In this way, from Eqs. (|7]) and (fTOb-lfTTI) we derive the fol- 
lowing expressions for and eg'. 
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(12) 



IkeV 
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(1 +Z)£52fs 
"l,28 



X 

\I/3 



(13) 



The above equations allow us to eliminate from the prob- 
lem the two unknown micro-physical parameters by express- 
ing them as a function of the synchrotron peak frequency v,„ 
and the observed 1 keV flux. As seen in Sec. 14.11 we can set 
< ^'o.3-iokeV, 100 s >- 2 X 10"'' ergs cm"^ s"'. For p = 2.05 
(so as to favor the emission at high energies by having a flat 
spectrum), we can estimate Fx kev, 2.5 s by using a spectral slope 
of P - -p/2 ~ -1 in the 0.3 - 10 keV range (i.e. assum- 
ing to have v,„ < 0.3 keV), and a temporal decay index of 
a - -3/4(p - 1) - 1/4 ~ -1. Doing so, it turns out that 
F\ keV, 2.5 s ~ 10 mJy is a reasonable estimate. To constrain £52, 
we use the 50-300 keV observed fluence, and assume that some- 
thing like 3 photons are collected at ~ 1 GeV by the Fermi/LAT 
in the 5 s energy tail. Setting z = 0.1, the isotropic energy into 
the fireball should be £52 > £7,52 = 2 x 10"^. 

IC component In the fast cooling regime, the IC energy emis- 
sion peaks at 



y^f = 2r,>,„ = 3.7 GeV 



fip) 
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where we have used (ISari & Esinll2001h : 
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Fig. 3. Synchrotron (dot-dashed line) and SSC (dashed line) 
spectra in the ES scenario, for a burst with parameters p - 2.05, 



£52 = 0.35, z = 0.1, m 



0.15 keV, F 



IkeV 



10 mJy, 



ts = 2.5. The solid line is the sum of the synchrotron and SSC 
contributions. For such choice of parameters one has an SSC 
peak around ~ 1 GeV. The dot-dot-dot-dashed line represents 
the Fermi/LAT se nsitivity for an integration time of 10 s (see 
iGaUi & Piroll20()7h . The green solid vertical line marks the flux 
level at 1 GeV, assuming that a number of photons in between 2 
and 6 are collected in 5 s by the Fermi/LAT. See the electronic 
version of this paper for colors. 



where we have used Eqs. (fTOl ), (fT2ll-(fT3Tl. For the same set of 
parameters we have vf,f/"'(vf,f ) ~ 10"' ergs cm"^ s"' (see Fig. 
O, which is comparable with the LAT sensitivity for 10 s inte- 
gration time. Note that for a given value of v,„, F''^^^^, and z, the 
above equation constraints £52 to be sufficiently high for hav- 
ing the high energy tail visible by the Fermi/LAT. At the same 
time, looking at Eq. (fT4l) . it is evident that a higher value of £52 
tends to shift the peak energy to higher values, so that to keep it 
around ~ 1 GeV, n cannot be too low. Our value of n = 5 cm"^ 
is in the range that h as been found to p ossibly characterize other 
short bursts (see e.g. lPanaitescij2006h . and roughly at the higher 
edge of the 0.01 - 1 cm"^ range expected for an ISM. 



fip) 



Jm = 930 , 
^ 1/(2.2) 

together with Eqs. (fT2l i-(fT3]l. Setting p 



2.05, £52 = 0.35, 



z = 0.1, ni = 5, v„, = 0.15 keV, f = 10 mJy, f = 2.5 s in 
the above equation, we get vf^f ~ 1 GeV (see Fig. |3]l. Note that 
£52 - 0.35, compared to £^,52 = 2 x lO"-' that can be estimated 
from the prompt and high energy tail fluence, requires a value for 
the conversion efficiency into y-rays of the order of ~ 1 %, which 
is at the lower end of the typical range 0.01 - 1 found for long 
GRBs and suggested to be the same also for short GRBs (see 
e.g. ,Nakai-..2007; Zhang et al..,2007,) . The IC flux at the peak 
is given by: 



Krf (v;„)-yL -5.3X10 ^^2,[f ^2.2)1 
U keV/ 



1/6 



IkeV 

lOmJy^ 



(l+z)^/^£^f.-/^^r 



(16) 



Consistency checks: micro-physics, deceleration/cooling time 
and Klein-Nishina limit In order for the ES scenario proposed 
in this section being a self-consistent explanation of the high 
energy tail observed in GRB 081024B, we need to perform a 
series of checks to verify that the hypotheses under which we are 
working are consistently verified for our choice of parameters. 
First of all, the implied values of and eg should both be less 
than unity, and we should have » e^. With our choice of 
parameters we get eg - 5.2 x lO""' and q = 8.8 x 10"^, that 
verify these conditions. 

Next, in order to have an ES, we need the deceleration phase 
to be starting before or around the time at which the high energy 
tail is observed, i.e. dSari & Piranll 19991) : 



^det 



3.2 s 



£52 
"1 



1/3 



350 



-8/3 



(1 + z) < 2.5s 



(17) 



which for z - 0.1, £52 - 0.35, and ni = 5, implies having 
Fo > 285, that is a reasonable lower-limit for the initial firebaU 
Lorentz factor 
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Moreover, we have been working under the hypothesis of 
being in the fast cooHng regime, so we need to verify that this 
is indeed the case, i.e. Vc(2.5s) < v,„(2.5s). Using Eq. ^ we get 
V£-(2.5s) ~ 0.1 keV, so the fast cooling hypothesis is also verified, 
and the fast-to-slow cooling transition takes place at about 3.6 s 
after the burst. 

Finally, we need to check that the Klein-Nishina effect does 
not suppress the IC component. In the fast cooling regime, most 
of the synchrotron energy is emitted around v„, and most of the 
SSC energy is emitted by electrons with ~ y,„ that up-scatter 
photons with v ~ v„,. Th erefore, the K lein-Nishina limit can be 
neglected only if (see e.g. lNaka3l2007l) : 



7m 



(18) 



Since y,„ = imp/me)( f(p)y'^eeT (ISari et alJll9"98h . this con- 
dition yields: 



VlkeV/ \0.5/ 



f(p) 



-1/2 



(19) 

1/(2.2)/ 

For our choice we have v„, = 0.15 keV at f = 2.5 s, while 
the right hand side of the above equation computed for e^. - 
8.8 X 10"^ and p = 2.05 is equal to ~ 66 keV. Thus, also the 
above condition is verified. 

5. Conclusion 

We have investigated on the possible origin of the high energy 
tail associated to GRB 081024B, exploring four main possibili- 
ties: 

1. synchrotron or SSC component associated to the prompt 
burst emission (IS scenario); 

2. SSC component associated to a delayed X-ray emission pro- 
duced by late IS; 

3. synchrotron component from the ES generating the after- 
glow emission; 

4. SSC component from the ES generating the afterglow emis- 
sion. 

To derive the parameters of the models, we have considered 
the observational constraints coming from the prompt emission 
properties (scenario 1.), or from the late time X-ray observations 
(scenario 3.), or finally from the X-ray luminosity typically ob- 
served in short GRBs at 100 s after the burst (scenarios 2. and 4.), 
requiring to have an SSC component peaking around 1 GeV with 
a flux level comparable to the LAT sensitivity. We have shown 
that while scenarios 2. and 4. are viable explanations of the ob- 
served tail for a burst located at z ~ 0.1, the first one is ruled 
out due to substantial suppression of the high energy emission 
by pair production, while the third one is ruled out from the lack 
of a bright late-time X-ray afterglow. To have the high energy 
tail explained in a delayed IS scenario, the lately emitted shells 
should be characterized by a time variability of the order of 1 ms 
and a Lorentz factor of the order of F = 140. In the ES shock 
scenario, the high energy tail can be explained by assuming a 
flat spectrum, i.e. p - 2.05, and by requiring the short GRB to 
be powered by a fireball with an isotropic energy of the order of 
10^' ergs, expanding in an ISM with density n - 5 cm"^. We 
stress that scenarios 2. and 4., being related to the emission from 
a lately emitted shell (2.) or from the ES deceleration phase (4.), 
both offer a natural explanation for the observed temporal delay 
between the high energy tail and the main burst. 
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